Periodicities of Peak Current and Flash Multiplicity in Cloud to Ground Lightning by Gibbs, Alexander R
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
Dissertations & Theses in Earth and 
Atmospheric Sciences 
Earth and Atmospheric Sciences, Department 
of 
Spring 4-3-2012 
Periodicities of Peak Current and Flash Multiplicity in Cloud to 
Ground Lightning 
Alexander R. Gibbs 
University of Nebraska-Lincoln, alexgibbs@huskers.unl.edu 
Follow this and additional works at: https://digitalcommons.unl.edu/geoscidiss 
 Part of the Atmospheric Sciences Commons, Earth Sciences Commons, and the Meteorology 
Commons 
Gibbs, Alexander R., "Periodicities of Peak Current and Flash Multiplicity in Cloud to Ground Lightning" 
(2012). Dissertations & Theses in Earth and Atmospheric Sciences. 24. 
https://digitalcommons.unl.edu/geoscidiss/24 
This Article is brought to you for free and open access by the Earth and Atmospheric Sciences, Department of at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Dissertations & Theses in 
Earth and Atmospheric Sciences by an authorized administrator of DigitalCommons@University of Nebraska - 
Lincoln. 
	   	   	   	   	   	   	   	   	  60	  
PERIODICITIES OF PEAK CURRENT AND FLASH MULTIPLICITY IN CLOUD 
TO GROUND LIGHTNING STRIKES 
by 
Alexander Richard Gibbs 
 
A THESIS 
 
Presented to the Faculty of 
The Graduate College at the University of Nebraska 
In Partial Fulfillment of Requirements 
For the Degree Master of Science 
 
Major: Earth and Atmospheric Sciences 
 
Under the Supervision of Professor Adam L. Houston 
 
Lincoln, Nebraska 
 
May, 2012 
 
 
 
	  
PERIODICITIES OF PEAK CURRENT AND FLASH MULTIPLICITY IN CLOUD 
TO GROUND LIGHTNING STRIKES 
Alexander Richard Gibbs, M.S. 
University of Nebraska, 2012 
Adviser: Adam L. Houston 
 Research on lightning has been conducted on various topics including 
thunderstorm electrification and climatology of lightning strikes however; there are 
still some characteristics of lightning that are not well known, such as flash 
multiplicity and peak current as a function of individual thunderstorms. These 
characteristics are the leading cause of injuries and damage each year. This study 
examines a severe weather event in Minnesota on 16 September 2006, in order to 
determine what may cause peak current and flash multiplicity.  Cycles in peak current 
and flash multiplicity are identified and then associated with CAPE to determine if a 
thunderstorm’s updraft controls these cycles.  
 Candidate thunderstorms are identified by hand based radar reflectivity and 
then tracked. These candidate thunderstorms are then associated with cloud-to-ground 
lightning strikes. Time series of cloud-to-ground lightning strikes for individual 
thunderstorms are created. These time series are then transformed into the frequency 
domain by using a FFT in order to determine if there is a cycle in lightning 
characteristics.  The resulting periodicities are then correlated with CAPE and cycles 
in radar reflectivity of thunderstorms.   
 It was concluded that a coherent periodicity of lightning characteristics does 
not exist. The majority of cycles identified had no correlation to CAPE and those that 
	  
did have a cycle are weakly correlated at best with CAPE. The most correlated 
parameter with lightning strike characteristics cycles are cycles in radar reflectivity.  
This result suggests that updraft cycling and pulsing may have an affect on 
multiplicity and peak current.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   i	  
 
Author’s Acknowledgements 
The author would like to thank Dr. Adam Houston for his advice on the research and 
for the opportunities that he as afforded the author.  If it weren’t for Dr. Houston, the 
author would not be in the job he has now.  The author would also like to thank Drs. 
Lawson and Oglesby for their advice with this thesis and the knowledge they have 
shared with the author that made him the scientist he is today.  The author would also 
like to thank George Limpert and David Peterson for their help and advice through 
this process.  Also, the author’s parents and close friends for supporting him through 
graduate school. The author would like to thank the Center for Great Plains Studies 
for a grant in aid and also project Fulcrum and the department of Earth and 
Atmospheric Sciences for funding the author and this research. Last but not least, the 
author would like to thank his employer, the National Weather Service in Peachtree 
City for encouraging him to finish the thesis and for giving him time to work on his 
thesis.   
 
 
 
 
 
 
 
 
	   ii	  
Chapter 1: Background…………………………………………..……….   1 
 
Chapter 2: Data and Methodology………………………………………..   16 
 
Chapter 3: Results…………………………………………………………  40 
 3.1: Thunderstorms………………………………………………..  40 
 3.2: FFT Results…………………………………………………...  43 
 3.3: Flash Rate……………………………………………….....….  45 
 3.4: Thunderstorms Lasting Longer than Four Hours……………..  46 
 3.5: Periodicities in Reflectivity…………………………………….49 
 
Chapter 4: Discussion……………………………………………………...  67 
 
Chapter 5: Conclusions…………………………………………………….  74 
 
 
References…………………………………………………………………   78 
 
 
 
Appendix…………………………………………………………………...  83 
 
 
 
 
	   1	  
Chapter 1 
 
 
Background 
 
 
 
Our current knowledge of cloud-to-ground lightning covers a large a spectrum 
of topics, but still cannot explain what causes cloud-to-ground lightning 
characteristics such as peak current and flash multiplicity. What is well known about 
cloud-to-ground lightning strikes include; the thunderstorm electrification processes  
(MacGorman and Rust 1998; Rakov and Uman 2002) climatology of cloud-to-ground 
lightning strikes and their characteristics (Changnon 1988a; Changnon 1988b; 
Changnon 1993; Orville and Huffines 2001) and patterns in lightning that could be 
used in forecasting severe weather phenomena like tornadogenesis (Seimon 1993; 
Shafer et al 2000; Steiger et al 2007). Even though the causes of flash multiplicity and 
peak current are not known, these characteristics contribute to the most injuries, 
damage to property, and damage to power transmission lines each year (McDermott 
et al. 1994; McDaniel 2006 and Miyazaki and Okabe 2009). Since flash multiplicity 
and peak current directly affect humans and their cause is unknown, this research 
attempts to find a relationship between flash multiplicity, peak current and 
environmental parameters, in order to determine what may cause them. 
Flash multiplicity, defined, as multiple return strokes in the same channel, and 
peak current have not been examined as extensively as other characteristics of 
lightning. Research on peak current is limited to climatology (Orville and Huffines 
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2001).  Research on flash multiplicity includes climatological data (Orville and 
Huffines 2001) and an individual thunderstorm (Doztek et al. 2005). Orville and 
Huffines (2001) used ten years, ranging from 1989 to 1998, of data from the National 
Lightning Detection Network (NLDN) to characterize cloud to ground lightning 
strikes across the continental United States.  Their work shows that in the Great 
Plains average flash multiplicity and peak current per lightning flash range from 1.3 
to 2.6 per km2 and 15 kA to greater than 40 kA per km2  respectively (Orville and 
Huffines 2001).  Other research found that a single thunderstorm demonstrated a 
cycle in multiplicity of positive strikes (Doztek et al. 2005) and called for more 
research to determine if this cycle is periodic to thunderstorms in general. While these 
characteristics about peak current and flash multiplicity are known, the cause of these 
lightning phenomenon are not. 
Since the approach adopted by Orville and Huffines (2001) focuses solely on 
lightning strikes independent of individual thunderstorms, making it difficult to find a 
cause of peak current and multiplicity, and Doztek et al. (2005) only studied one 
storm, more research is needed to try and determine what may these characteristics in 
thunderstorms. To solve this problem, that sample size used by Doztek et al. (2005) 
can be increased.  Candidate thunderstorms can then be identified by hand, then 
lightning strikes can be associated to individual thunderstorms, allowing for the 
creation of time series of their lightning data.  These time series can then be analyzed 
for potential cycles. If the cycle found in Doztek et al. (2005) is systematic to all other 
thunderstorms then a study with a larger sample size will find cycles in other 
thunderstorms as well.  The resultant cycles can also then be associated with 
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environmental parameters to determine what might cause them, which may lead to a 
better understanding of what causes peak current and flash multiplicity.  
Another motivation for studying peak current and flash multiplicity is that 
these two characteristics cause the most damage to consumer electronics and power 
transmission lines (McDermott et al. 1994; McDaniel 2006 and Miyazaki and Okabe 
2009).  In 2009, over a billion dollars in insured loses were reported due to lightning 
strikes (Insurance Information Institute 2009). A better understanding of what causes 
peak current and flash multiplicity may aid the power industry in creating better 
protection devices against these lightning characteristics. 
With the advancements of computing processing resources and the increasing 
size of media for storage, a large sample size of thunderstorms can now be analyzed. 
This has lead to the creation of ThOR (Thunderstorm Observation by Radar), which 
identifies and tracks individual thunderstorms, post event (Barjenbruch and Houston 
2006; Gibbs and Houston 2008).  In this study, ThOR’s lightning attribution 
algorithm is used to associate lightning with candidate thunderstorms.   Then, these 
thunderstorms’ time series of lightning strikes are analyzed for any periodicities in 
multiplicity and peak current. ThOR uses cloud to ground (CG) lightning strikes from 
the NLDN to study this relationship. In this study only one event is analyzed. 
 
1.2 Review of Thunderstorm Electrification and Cloud to Ground Strikes 
It is important to review how and why the fair weather atmosphere has 
electrical charge as some of the cloud electrification hypotheses build on this idea.  
Ions are created by radioactive decay and cosmic rays that create alpha, beta, and 
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gamma rays which interact with neutral molecules to create free electrons 
(MacGorman and Rust 1998).  These free electrons lead to the creation of both 
positive ions, a molecule stripped of an electron, and negative ions, a molecule where 
an electron attaches to it (MacGorman and Rust 1998).  When these ions are placed 
into an electric field, current starts to flow and the ions will move in opposite 
directions (MacGorman and Rust 1998).  
Lemonnier (1752) discovered that in fair weather conditions the atmosphere 
had electrical properties.  What Lemonnier (1752) had discovered was the fair 
weather space charge. The fair weather space charge results in an electric field that is 
around 100 Vm-1. The Earth’s surface, which is negatively charged (Peltier 1842), 
and the Electrosphere (Figure 1.1) constitute a lossy spherical capacitor (Uman 1974).  
This capacitor is setup that negative charge is found closer to the Electrosphere and 
positive charge is found near the Earth’s surface.  Since the atmosphere between the 
ends of the capacitor is conductive (Coulomb 1795), ions can move freely and exit 
the Electrosphere.  This leads to a leakage current that acts to neutralize the charge on 
Earth and in the atmosphere (Rakov and Uman 2002).  Wilson (1920) proposed that 
thunderstorms are responsible for maintaining the negative charge on Earth.  Negative 
polarity lightning strikes transfer negative charge from thunderstorms to the Earth’s 
surface, therefore returning negative charge to the surface and maintaining the fair 
weather space charge lost to the leakage current.  
There are many hypotheses as to what causes a thunderstorm to become 
electrically charged (MacGorman and Rust 1998; Rakov and Uman 2002).  The two 
methods described here are the convective charging mechanism (Grenet 1947; 
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Vonnegut 1953,1982; Wilson 1956) and the noninductive collisional graupel-ice 
mechanism (Elster and Geitel 1913; Mason 1972).  While the convective charging 
mechanism may be part of the cloud electrification process, there is a consensus that 
is starting to build that the noninductive collisional graupel-ice mechanism is most 
likely what dominates the electrification of thunderstorms (Rakov and Uman 2002) as 
the convective charging mechanism cannot account for the total charge needed in a 
thunderstorm (Chauzy and Soula 1999). 
In the convective charging mechanism, charge for the thunderstorm is 
provided by the fair weather space charge, corona near the ground, and cosmic rays 
near the cloud top, and is ingested into the towering cumulus (Grenet 1947; Vonnegut 
1953,1982; Wilson 1956; Figure 1.2).  The positively charged fair weather charge is 
ingested into the updraft of the cloud.  Negatively charged particles in the atmosphere 
are attracted to the positive charge within the cloud.  As the cumulus cloud ascends 
higher into the troposphere downdrafts on the outside of the cloud carry negative 
charges down to the lower levels of the cloud which help to create a positive corona 
near the cloud base. This positive corona then leads to more positive charge being 
ingested into the storm.  Some of the negative charges that are transferred down the 
side of the cloud are ingested into the cloud to create a negatively charged region.  In 
the convective charging mechanism hypothesis, hydrometeors do not play an effect at 
all.  
The noninductive collisional graupel-ice mechanism involves hydrometeors 
and can explain the charge structure of most thunderstorms (Elster and Geitel 1913; 
Mason 1972). As graupel is moved through the storm by updrafts and downdrafts 
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collisions with ice crystals cause the graupel to either retain a positive or negative 
charge .  In order for this charge to be large enough to cause lightning, super cooled 
water must be present. Laboratory experiments have shown that super cooled water is 
necessary for significant charge transfer to occur (Reynolds et al. 1957; Takahashi 
1978; Gaskell and Illingworth 1980; Jayaratne et al. 1983).   Figure 1.3, adapted from 
Rakov and Uman (2002), shows that depending on the air temperature the resultant 
charge left in the atmosphere is either positive or negative.  When temperatures are 
warmer (cooler) than -15 C, the resultant charge on the graupel is positive (negative) 
and the surrounding ice crystals become negative (positive) (see Fig. 1.3).  It is 
believed that the resulting charge left on the graupel is determined by the rates at 
which the ice and graupel surfaces are growing, however there is no consensus on the 
physics (Rakov and Uman 2002). The noninductive collisional graupel-ice 
mechanism is consistent with the notion of the dipole explained set-up of charges 
within a thunderstorm (Wilson 1920, 1929 ; Fig. 1.4).     
Research has shown that the charge structure of some thunderstorms may 
actually assume a tripole configuration (Rakov and Uman 2002; Fig. 1.5) and others 
have shown that there are many more charge regions than just three located within a 
storm (Stolzenberg et al. 1998).  The cause of a tripole set-up of charge (same as the 
dipole except for a smaller region of positive charge below the negatively charged 
region) is still debated in the literature (Rakov and Uman 2002).  It is possible that 
this positive region is just a screening layer (Phillips 1967) and it is possible that 
positively charged graupel falling through the cloud create this region (Jayaratne and 
Saunders 1984).   Stolzenberg et al. (1998) found that thunderstorms may actually 
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have a much more complicated charge structure than the dipole or tripole structures 
(Fig. 1.6).   The organization of the charge structure within a thunderstorm is crucial 
to how charge is transferred from the cloud to the ground.  It is possible that the 
organization of charge structures could aid in creating more available charge for peak 
current and multiplicity. If more positive charge is available at lower levels of the 
thunderstorm due to a screening layer, there could be higher values of multiplicity for 
positive polarity strikes.  This is merely speculation and this research does not attempt 
to look at charge structures in individual thunderstorms and attribute them to causes 
of peak current and flash multiplicity. The detailed charge structure of thunderstorms 
is an active area of research.  
 
1.3 Cloud to Ground (CG) Lightning Strikes 
Since this study deals directly with CG lightning strikes it is important to go 
over the process involved in transferring charge between the cloud and the ground.  
The process outlined below is summarized in Figure 1.7.  The first step is known as 
initial breakdown (this explanation will be from the prospective of lowering negative 
charge to the ground) and includes in-cloud processes (Rakov and Uman 2002).  
There is no consensus on the mechanism that causes this process but it precedes the 
stepped leader (Rakov and Uman 2002).  The stepped leader initiates in the 
negatively charged region of the storm and serves as a path to conduct charge from 
the cloud to the ground.  As the stepped leader approaches the ground the electric 
field on the ground reaches a critical level where an upward-connecting leader moves 
up from the ground to attach with the stepped leader.  This leads to a return stroke 
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from the ground, which serves to neutralize the negative charge by bringing it to the 
ground.  After this occurs a process known as the K and J processes occur which 
serve to redistribute charge within the cloud, then if there is enough charge it is 
possible that a dart leader will then start the process again by lowering more negative 
charge to the ground which results in a second return stroke.  If a second return stroke 
occurs then the strike is said to have a multiplicity of two.   
 
1.4 Lightning and Power Lines 
 CG lightning strikes are responsible for damage to power lines, households, 
and businesses each year.  In 2008, total insurance claims of lightning damage in the 
United States were $1.065 billion (Insurance Information Institute 2009).  Research 
has shown that damages caused by lightning are continuing to rise (Insurance 
Information Institute 2009).  Lightning strikes near or on a power transmission line 
can cause damage by creating flashover (McDaniel 2006).  According to the Institute 
of Electrical and Electronics Engineers (IEEE), a flashover is a disruptive discharge, 
produced by the application of a voltage, which causes an electrical arc (IEEE 2004). 
Electrical arcs can disrupt service by causing damage to the transmission lines 
(McDaniel 2006). Rusck (1977) determined that the induced voltage on the 
distribution line is directly related to the peak current of the CG strike.  Repeated 
lightning strikes (multiplicity) on the same power line arrestor can cause it to fail, 
resulting in a distribution line that will not be protected against future lightning 
strikes (McDermott et al. 1994; Miyazaki and Okabe 2009).  A power line arrestor is 
a device used to reduce the risk of flashover during a power surge event (Woodworth 
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2009).  The sensitivity of damage to flash peak current and multiplicity mean that 
peak current and multiplicity are of great interest to the power companies.  Such 
knowledge of peak current and flash multiplicity as a function of thunderstorm 
lifecycle could lead to improved protection of power distribution lines.  
 
1.5 Doztek et al. (2005) 
 Doztek et al. (2005) stumbled upon their finding of a 15-minute cycle in 
multiplicity of positive strikes and postulated that a couple of things could have lead 
to this result.  First, the resulting cycle could have been caused by ‘contamination’ of 
the strikes by cloud-to-ground strikes by weak discharges (Doztek et al. 2005).  
Cummins et al. (1998) argues that positive strikes with charge below 10 kA may be 
in-cloud lightning strikes.  Doztek et al. (2005) rules this out as all strikes below 10 
kA are removed from the analysis. The other possibility is related to cloud physics 
(Doztek et al. 2005).  Since the cycle period identified in Doztek et al. (2005) is much 
like the convective time scale, it is possible that pulsing of an updraft may regulate 
this process (Doztek et al. 2005).  Doztek et al. (2005) postulates that the pulsation in 
a thunderstorms updraft could be related to self-organization between neighboring 
thunderstorms, where the boundary layer air that is being ingested by a thunderstorm 
is affected by downdrafts of surrounding thunderstorms.  This interaction weakens the 
steady state of an updraft such that an oscillation in updraft intensity can set in 
(Doztek et al. 2005). In this study, Surface Based CAPE (SBCAPE) and Most 
Unstable CAPE (MUCAPE) are used as proxies for updraft speed and their 
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subsequent strength.  Radar reflectivity is also used to represent a thunderstorm’s 
updraft, as reflectivity can be related to the strength and pulsing of an updraft. 
 
1.6 What this Study Does 
 This research attempts identify potential periodicities of peak current and flash 
multiplicity, common to all thunderstorms by using ThOR’s lightning association 
algorithm along with a statistical technique called a Fast Fourier Transform (FFT).  
(Periodicity in this study is used to represent a coherent cycle of a characteristic, 
systematic to all thunderstorms, where cycle refers to a complete oscillation that a 
parameter experiences during its lifetime.  Period in this study refers to the time it 
takes for one complete cycle to occur.) In order to do this, candidate thunderstorms 
are identified by hand based on radar reflectivity.  Then ThOR’s lightning attribution 
program, attributes lightning to candidate thunderstorms and creates a times series of 
lightning strikes for each thunderstorms. These time series are then transformed into 
the frequency domain using a Fast Fourier Transform.  The resulting harmonics 
correspond to the period of cycles in each lightning characteristics. If all of the storms 
have cycles in flash multiplicity and/or peak current, then a coherent periodicity may 
exist for thunderstorms. Then the resultant cycles are then correlated to SBCAPE and 
MUCAPE to determine if updraft speed correlates well with the periods of the 
resultant cycles. If there is a high correlation, it is possible that the convective time 
scale, modulated by CAPE and subsequent updraft speed, could explain the period 
length of flash multiplicity and peak current.  This may also shed some light on what 
causes peak current and flash multiplicity. 
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Figure 1.1. Sketch of the global electrical circuit.  Adapted from Pierce (1974). 
 
 
 
Figure 1.2. The convective charging mechanism.  In this example a cloud becomes 
electrified because the fair weather space charge.  As a cumulus cloud starts to tower, 
the updraft (a) ingests positively charged fair weather space charge.  In part (b) 
negatively charged space charge is attracted to the positively charged particles inside 
the cloud.  These charges are transferred down the outside of the cloud and ingested 
into the cloud at lower heights.  In part (c) a large positive corona is created by the 
cloud.  These positive space charges are ingested into the cloud by the updraft.  
Adapted from MacGorman and Rust (1998). 
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Figure 1.3.  This image demonstrates how graupel, depending on atmospheric 
temperature, will take on either a positive or negative charge.  Lower regions of the 
cloud tend to have a negative charge while upper levels have a positive charge. The 
resultant ice crystals make up the charge region within the cloud.  Adapted from 
Rakov and Uman (2002). 
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Fig. 3.13. Charge traiisfer by coll~sion In the graupel-ice mechanism of cloud electrification discussed in ~ ~ ~ b s e c t i o n  3.2 .6 .  It is 
assunled that the reversal temperature TR IS  - 15 C and that it occurs at a height of 6 km. 
G I . N Z I ~ ~ ~ - ~ C . C  I I I ~ C I ~ C I I I ~ . S I I I  In this mechanism the electric 
charges are produced by collisions between precipitation 
particles (graupel) and cloud particles (small ice crystals). 
Recall that precipitation particles are defined as hydrom- 
eteors that ha\-e an appreciablc fall speed (> 0.3 m s-'), 
those that have a lower fall speed being termed cloud parti- 
cles (subsection 3.2.1 ). Precipitation particles are generally 
larger than cloud particles, although there is no absolute 
demarcation in size to distinguish precipitation particles, 
which are falling out of  the cloud from cloud particles, 
which remain essentially suspended or move upward in LIP- 
drafts. The large-scale separation of  charged particles is 
provided by thc action of  gravity. 
In the graupcl-ice mechanism, which appears to  be 
capable of  explaining the "classical" tripolar cloud charge 
structure, the electrification of  individual particles involves 
collisions between graupel particles and ice crystals in the 
presence of water droplets. The presence of  water droplets 
is necessary for significant charge transfer, as  shown by the 
laboratory experiments of Reynolds etcil. (1 957), Takahashi 
( 1978a). Gaskell and lllingworth ( 1980), and Jayaratne et al.  
(1983). A simplified illustration of  this mechanism is given 
in Fig. 3.13; additional 1;dctors influencing the sign and 
magnitude of  transferred charge will be discussed later. 
The heavy graupel particles (two of I\-liich are shown in 
Fig. 3.13) fall through a suspension of smaller ice crys- 
tals (hexagons) and supercooled ~vatcr  droplets (dots). The 
droplets remain in a supercooled liquid state until t1ic.y con- 
tact an ice surface, \\hereupon thcy free7e and stick to the 
s u r f x e  in a process called riming. Laboratory experiments 
(e.g., Jayaratne et al. 1983) show that wlicn the tempcra- 
ture is below a critical value called the reversal teinpera- 
ture, TR , the falling g r a ~ ~ p e l  particles acquire a ncgative 
charge in collisions with the ice crystals. At temperatures 
above TR they acquire a positibe charge. Thc charge sign 
reversal temperature TR is generally thought to bc. bctween 
- 10 -C and -20 C, the temperature range characteristic 
of  the main negative charge region found in thunderclouds. 
Jayaratne and Saunders ( 1984) suggested that graupel that 
picks LIP positive charge when it falls below the altitude o f  
TR could explain the existence of thc lower positive charge 
center in the cloud, as  discussed later. Figure 3.14 shows 
the charge acquired by a simulated riming hail (graupel) 
particle during collisions with ice crystals. as a function of  
temperature, from the laboratory experiments of Snyaratne 
ct ul. (1983). In general, the sign and magnitude of the 
electric charge separated during collisions between vapor- 
grown ice crystals and graupel depends on. besides the 
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Figure 1.4.  This image represents the typical dipole set-up of a thunderstorm. 
 
 
Figure 1.5.  This image represents the tripole charge structure of thunderstorms that 
has been hypothesized to be a more common structure than previously thought. 
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Figure 1.6.  This is a representation of the typical charge structure within a thunderstorm proposed by Stolzenberg et al. (1998).  In 
this example updrafts and downdrafts within a storm dominate the movement of smaller charge regions.  Note that there still is a main 
positive and negative charge region within this storm. Adapted from Stolzenberg et al. (1998).
positive +' + ' + ' + ' + ' 
charge + + + + -- =-I - =-=--.-25'C ____- - ---- - - - Main -25%- - - - - - - - - - -  negat~ve charge 
Fig. 3.1 I. Schematic of the basic charge structure in the convective region of a thunderstorm. Four charge layers are seen in the 
updraft region, and six charge layers are seen outside the updraft region (to the left of the updraft in the diagram). The charge structure 
shown applies to the convective elements of mesoscale convective systems (MCS), isolated supercell storms, and New Mexican 
air-mass storms. Note that there is a variability in this basic structure, especially outside the updraft. Adapted from Stolzenburg et a/. 
(1998b). 
hydrometeors are in the range from 2.5 to 9.5 x 1 O5 V m- 
(2.5 to 9.5 kV cm-')  (Dawson 1969; Richards and Dawson 
197 1 ; Crabb and Latham 1974; Griffiths and Latham 1974; 
Griffiths 1975). Further, Griffiths and Phelps (1976a, b), 
on the basis of their laboratory experiments and modeling, 
suggested that corona streamers can propagate and eventu- 
ally lead to the formation of a stepped leader, as discussed 
in Section 4.3, if the in-cloud electric field strength is at 
least 1.5 x lo5 V m-' (1.5 kV cm-') at an altitude ofabout 
6.5 kmand2.5 x 10' V m-' (2.5 kVcm-')atabout3.5 km. 
Maximum magnitudes of thundercloud electric 
fields measured in sit11 in different experiments are sum- 
marized in Table 3.2. Winn et al. (1974) reported having 
measured. with an instrumented rocket. a weak horizontal 
field of the order of 4 x lo5 V m-I (4 kV cm-I) extending 
over a distance of a few hundred meters at about 6 krn 
altitude above sea level. Gunn (1948) found an electric 
field of 3.4 x lo5 V m-' (3.4 kV c~n-I)  on the under- 
belly of an aircraft just before it was struck. He consid- 
Table 3.2. Maximi~m electr.ic.field magnit~rdes measur,ed 
in thunderc1oz~d.s 
Reference 
Maximum 
Sounding electric field, 
tYPe V ~ n - '  
Gun11 (1 948) 
lmyanitov et al. (1971) 
Winn ef (11. (1974) 
Winn et a/. (1 98 1) 
Weber et a/. (1982) 
Byrne et a/. (1983) 
Fitzgerald (1 984) 
Marshall and Rust (1 99 1) 
Aircraft 
Aircraft 
Rockets 
Balloons 
Balloons 
Balloons 
Aircraft 
Balloons 
Kasemir (as reported by Aircraft 3 x 10' 
MacGorman and Rust 1998) 
Note: The value of 1.2 x 10" nm' cited by Uman ( 1987, 
2001) as measured by Fitzgerald (1976) is a misprint. 
ered this value to be an underestimate of the overall field. 
Generally, however, measured maximum electric fields field value 3.9 x lo4 V m-' (0.39 kV cm-I), although 
are I to 2 x 10' V m-' (1 to 2 kV cm-'), as is evident Vonnegut (1 969) viewed the reliability ofhis measurements 
from Table 3.2. Evans (1969), using electric field mills as questionable. 
dropped into clouds on a parachute from a typical height Marshall et al. (1989) observed a maximum electric 
of 9 km, reported a maximum measured vertical electric field of 7 x 104 V m-I in the anvil of a small thunderstorn1 
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Figure 1.7.  This depicts the steps in the formation of CG lightning.  The entire 
process takes around 40 ms to complete.  Adapted from Uman (1987, 2001) 
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Fig. 4.2. Diagram showing the luminosity of  a three-stroke ground flash and the corresponding current at the channel base: 
(a) still-camera image, (b) streak-camera image, and (c) channel-base current. 
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Fig. 4.3. Various processes comprising a negative cloud-to-ground lightning flash. Adapted from Uman (1 987.2001 ). 
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Chapter 2 
 
 Data and Methodology 
 
In order to determine if a periodicity in lightning characteristics exist, 
individual thunderstorms need to be identified. So called ‘candidate thunderstorms’ 
are identified, tracked and then associated with lightning strikes and environmental 
data for analysis. Candidate thunderstorms are identified and tracked by using 
surveillance weather radar data. Then, lightning is associated to these thunderstorms 
using a lightning attribution technique adapted from ThOR. These lightning data are 
used to develop time series of lightning characteristics.  These time series data are 
then used to determine if there are periodicities in lightning characteristics.  RUC 
analysis data are then used to identify the environment associated with these storms to 
determine possible ways in which the environment affects these lightning strike 
characteristics.  
 
2.1 Synoptic Setup 
A late season severe weather event affected the Minneapolis/Chanhassen 
National Weather Service office’s County Warning Area on 16 September 2006 
through 17 September 2006. The event lasted from 2000Z on the 16th to 0700Z on 
the 17th and all subsequent data span this time period.  Thunderstorms during the 
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event caused wind damage along with one confirmed tornado with a fatality in 
Rogers, MN (Figure 2.1).    
Upper air data and surface data from 1200Z on 16 September 2006 show a 
favorable set-up for severe weather. At 300 hPa a strong jet streak is indicated 
upstream of the northern Great Plains (Figure 2.2).  At 500 hPa a longwave trough is 
positioned west of the Great Plains (Figure 2.3).  Strong warm-air advection at 850 
hPa (Figure 2.4), resulted in unseasonably warm temperatures and moisture across 
Minnesota (Figure 2.5; average high is 71ºF and average low is 51ºF).  The sounding 
from KMPX showed a backed surface wind with 0-6 bulk shear of 27.3 m/s, and 0-3 
km storm relative helicity (SRH) of 554 m2/s2, along with a moist boundary layer 
(Figure 2.6).  The surface based CAPE (SBCAPE), at 1200Z was 0 J/kg.   
In between mandatory sounding times other data continued to show strong 
warm air advection and moisture advection into the area. A special 1800Z sounding 
from KMPX shows a strong inversion at 850 hPa associated with strong 850 hPa 
warm air advection (Figure 2.7).   At this time the SBCAPE was 10 J/kg.  Around 
2100Z, the first signs of thunderstorms showed up on the KMPX radar (Figure 2.8).  
 The 0000Z upper air and surface observations show a generally favorable set 
up for severe thunderstorms. At 300 hPa the nose of the jet is located in Minnesota 
(Figure 2.9) and the upper level trough is closer to Minnesota (Figure 2.10). Surface 
dew points are still high, with most areas reporting low to mid 60s ºF across southern 
Minnesota (Figure 2.11).  A weak developing surface low is found in western MN, 
aiding in backing surface winds and providing large values of helicity for the area (0-
3km SRH is 506 m2/s2 at KMPX; Figure 2.12). The 0000Z sounding from KMPX 
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continued to show backed surface winds (Figure 2.13).  The SBCAPE is 788 J/kg.  
This sounding would suggest that storm mode would be supercellular (eg. Thompson 
et al. 2003). At 0000z on the 17th, KMPX showed numerous thunderstorms with peak 
reflectivity values exceeding 55 dBZ west of the Minneapolis area (Figure 2.14).  
These storms appeared rather discrete. 
Around 0300Z the storms started to organize into linear segments. (Figure 
2.15).  By 0700 Z most of the convection had moved of to the east of Minnesota into 
Wisconsin and was no longer in the operational range of KMPX.  This time was 
chosen to be the termination time of the event. 
 
2.2.1 Radar Data 
 NEXRAD Level II data are used in this study.  Level II data are comprised of 
the base reflectivity, base radial velocity, and base spectrum width.  Level II data are 
archived at the radar site and provide the raw data that are received from the signal 
processer. Depending on what Volume Coverage Pattern (VCP) is being used; the 
time it takes to collect data on one complete volume is between 4 ½ to 10 minutes.  In 
this study most of the complete volume scans take about 4 to 5 minutes.  Level II 
reflectivity data at the 0.5-degree tilt angle is used to identify potential thunderstorms. 
The lowest tilt, 0.5-degrees, reflectivity has an operational range is 248 NM (FMH-
11A). Radar data from the WSR-88D in Chanhassen, MN (KMPX) are used. 
 
 
 
	   19	  
2.2.2 Lightning Data 
 Cloud to ground (CG) lightning strikes from the National Lightning Detection 
Network (NLDN) are used1.  The CG strikes are used to associate lightning to 
clusters and tracks and to identify potential trends in lightning characteristics as a 
function of thunderstorm lifecycle. The data for each recorded strike data include the 
time of occurrence (rounded to the nearest minute), latitude and longitude, peak 
current of the strike and multiplicity of the strike. If more than one strike occurs in the 
same channel the peak current of the first strike is used for the stroke.  Positive CG 
strikes less than 10 kA are not used as suggested by Cummins et al. (1998) because it 
is difficult to tell if the strikes are actually CG and not in-cloud strikes. 
 
2.2.3 RUC Data 
 Rapid Update Cycle (RUC) archived hourly model analyses are used for an 
estimation of environmental parameters to determine if they influence lightning 
characteristics. The RUC model uses a Lambert Conformal Conical projection and a 
grid point spacing of 20 km (Benjamin et al. 2002).  Many derived parameters such as 
surface based CAPE (SBCAPE), Most Unstable CAPE (MUCAPE), etc. are available 
in this data set.  
 
2.3.  Identification and Tracking of Reflectivity Clusters 
 The first step in indentifying thunderstorms is the identification and tracking 
of spatially contiguous regions of radar reflectivity; referred to as “clusters”.  The 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  These	  data	  were	  downloaded	  from	  Iowa	  State	  University’s	  GEMPAK	  archive.	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identification and tracking of clusters is done by manual analysis using Level II radar 
data.  Base reflectivity is analyzed in the Interactive Data Viewer (IDV) created by 
Unidata (Murray et al. 2003).  The IDV was used because data can be easily 
annotated and shapes can be drawn and exported to an xml file for further use.  
 In order for a cluster to be identified and tracked a few criteria need to be 
satisfied. 
 1.) Clusters need to have reflectivity above 40 dBZ.  Reap and Foster (1983) 
 have shown that in order for a storm to possibly produce lightning, reflectivity 
 is usually above 40 dBZ.  Reflectivity over 45 dBZ usually indicates ice 
 existing at that level, such as the graupel needed to produce charges large 
 enough to produce lightning.  If a cluster has a large area of 40 dBZ and areas 
 of embedded higher reflectivity only one cluster is identified.   
 2.) Areas of stratiform precipitation, bright banding, and phenomena caused 
 by radar limitations are not considered clusters.  
 3.) To enable tracking, clusters need to appear on at least two volume scans. 
 When an area of reflectivity matches the above criteria, that area is 
encompassed within an ellipse. In order to use the functionality of the IDV only the 
ellipse’s major axis and minor axis are drawn and saved (Figure 2.16).   Using simple 
geometry and the major axis and minor axis of the ellipse the rest of the ellipse’s 
properties can be determined.  
 All clusters are examined to identify candidate thunderstorm tracks. A 
candidate thunderstorm track is a collection of clusters at different times that are each 
interpreted to be representations of a single candidate thunderstorm at different times.  
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Tracking is accomplished through manual analysis. Each cluster is given a number, 
which is the same as the candidate thunderstorm track number, and a time stamp that 
corresponds to the radar data time.  In this study when two candidate thunderstorms 
merge the oldest one is retained and the newer is terminated.  In this specific event 
there were not any candidate thunderstorms that started at the same time and then 
merged together at a later time. 
 It is recognized that a caveat of this analysis is that the identification of 
clusters is subjective. However, the criteria used for the cluster identification and 
tracking were crafted very carefully to minimize the subjectivity to the best extent 
possible.  
 
2.4 Lightning Association and Identification of Thunderstorms 
 The association of CG lightning strikes to clusters is done using an automated 
system. The lightning association algorithm uses both the cluster ellipses and 
individual lightning strikes to characterize candidate thunderstorms as thunderstorms.  
This algorithm is one part of the ThOR (Thunderstorm Observation by Radar) 
program.  
 For the purpose of this study a thunderstorm is defined as a candidate 
thunderstorm that has at least one CG lightning strike that occurs within the bounds of 
any cluster ellipse along the candidate thunderstorm track.  This means that if a 
candidate thunderstorm lasts for 45 minutes and has only one CG strike in a cluster 
ellipse along its track, then that candidate thunderstorm becomes a thunderstorm.  
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The first step in the lightning association algorithm is to associate lightning and 
clusters that occur at the same time (since radar data and lightning data have two 
different time intervals, lightning may occur at times without a corresponding cluster; 
these instances are handled in the second step of the algorithm). If a lightning strike 
occurs within a cluster’s ellipse, then that strike is considered part of that candidate 
storm (Figure 2.17). In this study the ellipses are drawn so that one strike cannot be in 
two different cluster ellipses. Also in this study, candidate thunderstorms are 
examined one at a time through their entire lifetime.  
 Next, the lightning attribution algorithm attempts to associate lightning strikes 
that occur in between radar sweeps to candidate thunderstorms. To accomplish this, 
the algorithm, interpolates the ellipse attributes (minor and major axes and area) to 
the time of each intermediate lightning strike (Figure 2.18). As in the previous step, if 
the position of the lightning strike is within the interpolated ellipse then that strike is 
considered part of that candidate storm. 
 A potential caveat of this approach is that if a CG lighting strike occurs just 
outside of the cluster ellipse it is not associated with any cluster even though the 
thunderstorm associated with the cluster might have caused it. While this may affect 
some of the analysis of lightning on a storm-by-storm basis, it is also incredibly 
difficult to be sure that a certain strike occurring outside of the bounds of the cluster 
was directly caused by that thunderstorm’s convective motions.  An example of this 
would be CG originating from the anvil. Other nearby anvils from other areas of 
convection may have ‘seeded’ the anvil or provided charged particles for that anvil.  
It may never be possible to determine whether one strike is associated with one 
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thunderstorm or another (even when lightning actually occurs within a cluster 
ellipse).  This is especially true when using only radar data to identify an area of 
convection. It is for this reason, that this study only uses CG strikes that occur within 
the bounds of a cell ellipse for analysis.            
 
2.5 Identification of Periodicities 
 Doztek et al. (2005) identified a 15-minute cycle in positive strike multiplicity 
and hypothesized that this may be a consequence of the convective time scale and that 
more storms need to be analyzed.  This study attempts to find periodicities in 
lightning data using the Fast Fourier Transform (FFT) analysis. 
 Time series of total multiplicity, total peak current, multiplicity of positive 
and negative lightning strikes, peak current of positive and negative lightning strikes, 
and flash rate are created at one minute intervals and time series of reflectivity are 
created at five minute intervals.  At some time steps a storm had more than one strike.   
When that occurred, the mean of all the strike multiplicities and peak currents were 
found and reported for that time. The resultant time series data are then transformed 
into the frequency domain using the FFT built into the Interactive Data Language 
(IDL).  The transformation of time series data into the frequency domain results in an 
amplitude (Fourier coefficient) that has both a real and complex part for each period.  
In this study, the harmonic with the largest magnitude was used to represent a 
potential periodicity.  The location of this harmonic on the frequency axis directly 
relates to the number of complete cycles a lightning characteristic has completed 
during the thunderstorm’s total duration.  The next step compared the largest returned 
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signal to white noise.  If the signal was larger than white noise it was accepted as a 
true signal, if not it was discarded and the storm then had no cycle.  See appendix A 
for a description of determining white noise for each parameter. For example, figure 
2.19 is the power spectrum for thunderstorm 13’s reflectivity.  Notice that the first 
position is the largest. This position is usually discarded because it provides the total 
power in the spectrum and is therefore not useful in this study.  The second position is 
the next largest.  This means that there are two complete cycles in reflectivity during 
the thunderstorm’s lifetime.  Since reflectivity is in five-minute intervals and the 
duration of the thunderstorm 13 is over 340 minutes, the cycle duration is 27.2 
minutes. 
 
2.6 Association of with Environmental SBCAPE and MUCAPE 
 Once the identification of cycles is complete, representative values of 
SBCAPE and MUCAPE are associated to each thunderstorm using the IDV. In the 
IDV both RUC and radar data are displayed at the same time.  The initiation time of 
each thunderstorm is used to determine which RUC data hour to use.  If the initiation 
time is between 29 minutes before the RUC data hour to 30 after the RUC data hour 
then that RUC data hour is used to associate environmental data with that 
thunderstorm.  For those thunderstorms that last longer than one hour a different 
approach is used.   If a thunderstorm lasts three hours there will be three different 
RUC data values that will be used.  Values of CAPE are averaged over the three-hour 
period and this value is used for comparison with total thunderstorm duration. In the 
hour-by-hour analysis, each value of CAPE is used for comparison with hourly 
	   25	  
periodicities. Next, the location of the thunderstorm at the time that is closest to the 
RUC analysis time was identified.  This was done to ensure that the spatial and 
temporal position of the thunderstorm matched as best as possible the environmental 
conditions provided by the RUC data. The final step is to determine what the average 
value of CAPE is, just adjacent to the thunderstorm at the selected location.  All 
values of CAPE around the storm were analyzed.  The highest value found, just 
adjacent to the storm was used in this analysis. In most cases, the value of CAPE was 
not significantly different immediately surrounding the thunderstorm.  Where there 
was a significant difference, an average CAPE value was computed. 
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Figure 2.1. Storm Reports from 09/16/2006.  Purple outlines approximate MPX 
CWA.  
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Figure 2.2. The 300 hPa height and temperature chart from 09/16/06 at 1200Z.  The 
jet is contoured in blues, purples and yellow.  The state of Minnesota is outlined in 
red.  The nose of the jet is to the southwest of Minnesota entering Western Nebraska.  
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Figure 2.3.  The 1200Z 500 hPa height analysis on 09/16/2006. The upper level 
trough is centered over Idaho at 1200Z and southwest flow is dominating Minnesota. 
 
 
 
 
Figure 2.4.  The 850 hPa height and temperature analysis from 12Z on 09/16/06.  
Minnesota is outlined in red.  Strong 850 hPa warm air advection is occurring.   
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Figure 2.5. The 1200Z surface analysis on 9/16/2006 for North Central United States.   
 
Figure 2.6. The MPX sounding from 1200Z on 9/16/2006.   
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Figure 2.7.  The 1800Z and 1200Z soundings overlaid from 9/16/2006.  The blue 
lines represent the 12Z sounding and the black lines are the 1800Z soundings.  In the 
six hours between soundings there is a significant warm nose advected into the area 
and allowed for a cap to develop. 
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Figure 2.8. Radar reflectivity from the 0.5-degree elevation sweep of the KMPX 
Doppler radar at 2100Z on 9/16/2006. 
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Figure 2.9.  The 0000Z 300 hPa analysis on 09/17/2006.  The state of Minnesota is 
outlined in red. The blue shading represents the jet.  
 
 
 
Figure 2.10. The 500 hPa analysis from 0000Z on 09/17/2006 showing the negatively 
tilted upper level trough over the Great Plains. 
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Figure 2.11. The 0000Z surface analysis on 09/17/2006 showing backed surface 
winds and surface dew points in the mid 60’s ºF in MN.   
   
Figure 2.12.  The 0000Z hodograph from the mandatory sounding from KMPX on 
9/17/2006. The grey star represents expected storm motion.  
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Figure 2.13.  The 0000Z sounding from KMPX on 09/17/2006.  This sounding has 
taken the classic severe weather ‘loaded gun’ look.  Surface winds are from the 
southeast, demonstrating winds that are backed.  CAPE values are 788 J/kg.  
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Figure 2.14.  The 0003Z radar image from KMPX on 09/17/2006.  Note that most of 
the storms are still well west of the Minneapolis area and that they appear discrete in 
nature. 
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Figure 2.15. The 0306Z radar image from KMPX on 09/17/2006.  There appears to 
be two line segments.  One that is about to approach the Minneapolis area and the 
other, south and west into north central Iowa 
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Figure 2.16.  Reflectivity clusters that meet the criteria were identified with imaginary 
major and minor axis of an ellipse.  
 
 
Figure 2.17  This is the first time step in the lightning attribution algorithm at t = 0.  
The color green represents reflectivity less than 41 dBz, the yellow represents 
reflectivity values of 41 dBz up to 55 dBz and red represents reflectivity over 55 dBz. 
The numbers 1-5 represent lightning strikes. The black ellipse circumscribes a cluster. 
Lightning strikes 1-3 are located within the ellipse, this means that those strikes are 
associated with the cluster. 
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Figure 2.18.  This is an example of how the lightning attribution algorithm 
interpolates ellipses between t = 0 and t = 3.  Since the ellipse at t = 3 is larger than 
the ellipse at t = 0 the ellipse must get larger and rotate during t = 1 and 2.  The 
numbers represent lightning strikes that occur in the specific times. 
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Figure 2.19.   This is the resultant transformation of the time series of thunderstorm 
13’s reflectivity.  Note the first position is the largest and the second one is the next 
largest.  In this situation the second peak happens to be the most powerful.  If the 
signal is stronger than white noise it is kept. Since the second one is the largest there 
are two full periodicities in reflectivity during the duration of this thunderstorm. 
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Chapter 3 
 
 Results 
 
3.1  Thunderstorms 
 Thirty-nine reflectivity clusters were identified with varying lifetimes.  Of the 
reflectivity clusters identified by hand, two did not have any lightning associated with 
them, clusters 33 and 38, and three of them only lasted four minutes, clusters 11, 16 
and 31. These three candidate thunderstorms and the two reflectivity clusters were not 
used in this analysis. Table 3.1 lists the starting time; ending time, flash rate and 
duration of all of the thunderstorms (a thunderstorm’s ID is based on it’s placement in 
the sequence of reflectivity clusters; thus, despite a maximum ID of 39, only 34 
thunderstorms were analyzed).  The average lifetime of a thunderstorm was one hour 
and nineteen minutes (standard deviation of 1.86 hours or 1 hour and 52 minutes).  
Thunderstorm number one was the longest-lived at nine hours and eight minutes. 
Sixteen of the thunderstorms had lifetimes that were over one hour. Thunderstorm 26 
had the most CG strikes at 4399 during its lifetime while thunderstorms 18 and 12 
each have one strike only. 
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3.2  FFT Results 
 All thirty-four thunderstorms’ lightning characteristics were transformed into 
the frequency domain using a FFT.  Table 3.2 displays the results of the FFT on six 
lightning characteristics; multiplicity of positive polarity lightning (positive 
multiplicity), multiplicity of negative polarity lightning (negative multiplicity) peak 
current of positive polarity lightning (positive peak current), peak current of negative 
polarity lightning (negative peak current), total multiplicity and total peak current. 
The FFT is applied to the total duration of the thunderstorms (in subsequent analysis, 
FFT will be applied to 1-hour blocks within the lifecycle of the thunderstorms).  None 
of the thunderstorms had a cycle for all of the lightning characteristics.  Nine of the 
storms had no cycles whatsoever.   
 Table 3.3 displays the mode, median, standard deviation and mean of each 
lightning strike category, as long as a cycle exists.   Each lightning category cycle 
period varies widely from storm to storm.  For example, the standard deviation of 
multiplicity of positive lightning strikes is about 14, while multiplicity of negative 
lightning strikes is about 55. The average cycle period for positive multiplicity is 
10.75 minutes; recall that Doztek et al. (2005) identified a 15-minute cycle.    
 
3.3  Flash Rate 
 Flash rate, the number of CG strikes per unit time, was calculated for all the 
storms.  Table 3.4 displays flash rate in strikes per minute for the entire duration of 
each thunderstorm.  The average flash rate for the event was 3.24 strikes per minute.  
The standard deviation in flash rate was about 3.9 strikes per minute. 
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3.4  Environmental Parameters 
 Average values of surface based SBCAPE and MUCAPE for each 
thunderstorm are provided in table 3.4.  SBCAPE values range from 3859 J/kg to 0 
J/kg.  MUCAPE values range from 4139 J/kg to 671.5 J/kg.  It is important to note 
that thunderstorms with long lifetimes may actually have average CAPE values that 
are smoothed and therefore do not fully represent the air ingested into the 
thunderstorm at a given time. Also, since SBCAPE virtually becomes zero after 
sunset, a thunderstorm that lasts long will have a lower SBCAPE average because of 
the SBCAPE values at night.  To account for this problem, hour-by-hour analysis of 
lightning characteristics was computed.  
 
3.5  Hour-by-Hour Analysis 
 Hour by hour FFTs were computed on storms that lasted at least two hours or 
longer.  Table 3.5 displays the results of this analysis.  Each thunderstorm had at least 
one hour with a cycle in at least one lightning strike characteristic category. This is in 
contrast to the results when the FFT is applied to the total thunderstorm duration, 
which had seven thunderstorms with no discernable cycle. Table 3.6 displays the 
CAPE values and flash rates for one-hour increments. 
 Table 3.7 displays the mean, mode, and median of the hour-by-hour analysis 
of each lightning characteristic.  These cycles have a wide range of duration, from 3 
minutes to 20 minutes (table 3.5).  In comparison to total thunderstorm duration 
repeat time, hour-by-hour positive multiplicity exhibited an average period of 7.18 
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minutes.  This cycle is three minutes faster than the mean total thunderstorm duration 
positive multiplicity cycle.  It is important to note that these averages are not only 
different because one is for total thunderstorm duration and another is based on 
hourly analysis, but also one includes thunderstorms lasting longer than two hours 
and the other is total thunderstorm duration.  Also, some of the thunderstorms that are 
in both sets of data don’t actually contribute to both averages because certain 
lightning characteristics don’t have cycles. 
 
3.6  FFT Results 
 Figures 3.1-3.3 display the relationship between all the lightning characteristic 
periods, except for flash rate, and CAPE for both total thunderstorm duration and 
hourly increments.  The blue diamonds represent SBCAPE and the red squares 
represent MUCAPE.  Most of the points appear to be randomly scattered with some 
hint of a positive slope, especially when the periods are longer.   Some of the figures 
(e.g. 3.1a, 3.1b, 3.2a, 3.3a and 3.3b) have an outlier with a larger period.  Most of the 
outliers are associated with long-lived storms that evolve into large QLCS complexes.    
 With the exception of negative polarity lightning strikes (especially 
multiplicity), the correlations between lightning characteristic’s cycles and CAPE 
demonstrate little to no relationship.  Table 3.8 displays the correlation between 
CAPE and lightning characteristic period of total thunderstorm duration.  In general, 
the correlations for total thunderstorm duration were low.  The largest correlation 
with MUCAPE and SBCAPE was multiplicity of negative lightning strikes, which 
was positively correlated.  
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 The correlation values for the hourly analysis of lightning characteristics are 
in table 3.9.   The correlation values for strikes with negative polarity are much larger 
than those for positive polarity strikes and total lightning strike characteristic. With 
the exception of peak current of negative lightning strikes, all of the values are more 
correlated with SBCAPE.   
 A comparison of the total thunderstorm duration data with hourly data 
demonstrates some differences and a similarity between the two. Some of the 
correlation values of hour-by-hour lightning characteristics are larger than those for 
total thunderstorms duration (see table 3.8 and 3.9). All of the characteristics 
correlated with SBCAPE, except for multiplicity of positive and negative strikes, 
display more correlation with hour-by-hour increments of lightning data than total 
thunderstorm duration lightning data. The most correlated value of both analyses is 
multiplicity of negative lightning strikes for total thunderstorm duration, which is 
0.72 and is most correlated with SBCAPE.  Peak current of hour-by-hour increments 
of negative strikes was most correlated with MUCAPE at a value of 0.69.   One 
similarity between the correlation of total thunderstorm duration lightning 
characteristics and hour-by-hour lightning characteristics is that all positive lightning 
strike characteristics display little to no correlation with CAPE.   
 One interesting result is that the correlation between the hourly analysis and 
total thunderstorm duration analysis of multiplicity of negative strikes reverses sign.  
This could be due to the fact that there are more cycles in the correlation analysis for 
hourly data.  Another odd thing is that for total thunderstorm duration peak current of 
negative strikes, the signs of the correlation flip from SBCAPE to MUCAPE. This 
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could be due to the fact that values of SBCAPE and MUCAPE are different, 
especially when thunderstorm ID numbers are higher and SBCAPE values decrease 
as the sun sets. 
 Since there are higher correlations with hour-by-hour increments of CAPE 
rather than total storm lifetimes, this suggests that the smoothing of CAPE in total 
lifetime of thunderstorms does affect correlations between CAPE and lightning 
characteristics.   It is clear from the correlation values between CAPE and lightning 
strike characteristics that they are not related.  
 It is important to mention that FFT will always return a periodicity of some 
sort.  This doesn’t mean that the results are physically meaningful.  However, the 
results from using the FFT may be physically meaningful when it comes to 
thunderstorms as some of the characteristics of thunderstorms are inherently cyclical 
(hail formation, convective elements of cold pool dominated convection, and cyclic 
supercells) and need further discussion.  
 
3.7  Flash Rate 
 Figure 3.4 displays the relationship between total thunderstorm flash rate and 
CAPE.  Most of the flash rate values are close to the y-axis and appear to be 
randomly scattered.  This is the case for both SBCAPE and MUCAPE.  The 
correlation between flash rate and SBCAPE is -0.10.  The correlation between flash 
rate and MUCAPE is 0.03. These correlation values suggest that there is little to no 
linear relationship between flash rate and CAPE. 
	   46	  
 Figure 3.5 displays the relationship between hourly increments of CAPE 
along with hourly increments of flash rate.  Again most of the points are clustered up 
and down the y-axis and appear to be randomly distributed. The correlation of 
SBCAPE and flash rate is -0.30 and between MUCAPE is -0.27. 
 Table 3.10 and table 3.11 display the periods of flash rate with respect to total 
thunderstorm duration and hour-by-hour increments of lightning data respectively. 
The average period of flash rate cycle period for total thunderstorm duration is 35.8 
minutes (see table 3.12).  The standard deviation is 37.9 minutes.  Hour-by-hour flash 
rate cycle average duration is 8.75 minutes (see table 3.13).   Total thunderstorm 
duration flash rate period demonstrates little correlation with CAPE (0.34 for 
SBCAPE and 0.27 for MUCAPE); whereas hour-by-hour flash rate repeat time and 
CAPE demonstrates higher values of correlation (Table 3.14). 
 
3.8  Storms Lasting Longer than Four Hours 
 When the storms are broken up into one-hour increments CAPE and lightning 
characteristics generally become more correlated.  Since this is the case, a few of the 
storms are analyzed independently of each other to determine if a relationship might 
exist in some storms and not others.   
 If a thunderstorm lasts longer than four hours it was analyzed separately.  In 
order to do this, the hour-by-hour increments of lightning characteristics are 
correlated with CAPE on a storm-by-storm basis.  Only hourly cycles that exist are 
included in the correlation calculation.  Thunderstorms numbers one, thirteen, and 
twenty-six are examined.   It is important to note that for these results not many 
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points are actually used (see table 3.15).  While the correlations may seem high, it is 
possible that the lack of points available do not accurately represent the relationship 
between CAPE and lightning characteristics.  
 
3.8.1  Thunderstorm One 
 Of the six lightning characteristics analyzed for thunderstorm one (which had 
a lifetime of just over 9 hours), the cycles for all of the peak current characteristics 
had positive correlations, whereas the cycles for all of the multiplicity characteristics, 
except for positive strikes, had negative correlations (Table 3.15).  Moreover, peak 
current cycles are strongly correlated with CAPE.  As illustrated in Table 3.15, the 
correlation between flash rate repeat times and CAPE are negative.  These 
correlations are higher than those for the hourly analysis.  With the exception of peak 
current of positive strikes the signs of the correlation values matches those of hourly 
analysis.  
 
3.8.2   Thunderstorm Thirteen 
 Thunderstorm thirteen exhibited very different results than thunderstorm one.  
Four of the six categories had no correlation.  The only cycle of significance was 
multiplicity of positive strikes.  The values of correlation between CAPE, MUCAPE 
and flash rate are positive.  The correlations in this analysis are larger than those for 
the hourly analysis. 
 In comparison to thunderstorm one, the flash rate periods and CAPE 
correlation values have opposite signs.  A difference between thunderstorm one and 
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thunderstorm thirteen is that the correlation values between CAPE and peak current 
of negative strikes in thunderstorm thirteen have the opposite sign as those in 
thunderstorm one.  Also as with thunderstorm one, the correlation values for the 
individual thunderstorm are higher than those associated with the hourly correlation 
analysis.  Another difference is that thunderstorm one had more identified cycles than 
thunderstorm thirteen.  
 
3.8.3   Thunderstorm Twenty-six 
 Thunderstorm twenty-six exhibited correlation values that were similar to 
thunderstorm 1 correlation values (see table 3.15).  The highest correlated 
characteristic was peak current of positive lightning strikes with MUCAPE and 
SBCAPE.  The correlation between flash rate and CAPE and MUCAPE are both 
negative (See table 3.15).  As with the other thunderstorms analyzed here (one and 
thirteen) the values of correlation are larger for the individual analysis when 
compared to the hourly analysis.  The signs of the correlation values for peak current 
of positive and negative strikes have the opposite sign of each other compared to the 
hourly analysis. 
 With the exception of peak current of negative strikes, the sign of the 
correlation values between thunderstorm one and twenty-six are the same.  The 
values of correlation for thunderstorm one and twenty-six are somewhat close to each 
other (see table 3.15).  As with thunderstorm one, the correlation values identified for 
thunderstorm twenty-six are different than those for thunderstorm thirteen.   
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3.9  Cycles in Reflectivity 
 A relationship between reflectivity cycles and lightning characteristic cycles 
may indicate that updraft strength is related to lightning strike characteristics. If a 
thunderstorm lasted longer than an hour its reflectivity was converted into time series 
and then analyzed with the FFT.  The resulting periods were then correlated with 
lightning characteristic periods. 
 There were 15 storms that lasted longer than one hour that were used for this 
analysis and their cycles in reflectivity varied greatly (table 3.16). The average cycle 
repeat time was 14.92 minutes, which is virtually the same as the convective time 
scale (table 3.17).  Correlation values for reflectivity repeat time and lightning 
characteristic repeat time demonstrated some of the highest values for each category 
(table 3.18).  With the exception of multiplicity of positive strikes, all the values are 
positively correlated and all of them except for total peak current are around 0.50.  
Overall, multiplicity of negative strikes, total multiplicity, and peak current of 
positive strikes all demonstrate some correlation with cycles in reflectivity.   
 
3.10 Summary of Results 
 Not every thunderstorm had cycles in lightning characteristics and those that 
do were weakly, at best, correlated with CAPE.  As the lightning characteristics are 
broken up into hour-by-hour increments, the correlation with CAPE improves.  When 
individual thunderstorms are correlated with CAPE, the correlation improves greatly, 
even though there are few points available for correlation. The only parameter 
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correlated with lightning characteristics were cycles in reflectivity.  For most of the 
cycles identified, there was an extremely large standard deviation indentified as well. 
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Thunderstorm 
ID 
Start Time End Time Number of CG 
Strikes 
Duration 
1 21:00 06:08 3902 9:08 
2 21:00 23:08 292 1:08 
3 21:56 01:40 168 2:44 
4 22:08 22:21 96 0:13 
5 22:08 22:34 15 0:26 
6 22:21 00:53 544 2:32 
7 22:25 23:16 9 0:46 
8 22:25 23:42 447 1:17 
9 22:30 22:55 3 0:25 
10 22:30 23:29 373 0:59 
12 22:46 22:59 1 0:13 
13 22:46 03:19 415 4:33 
14 23:03 00:03 454 1:00 
15 23:25 00:43 539 1:18 
17 23:59 01:11 139 1:12 
18 23:59 00:20 1 0:21 
19 00:07 00:25 11 0:18 
20 00:20 00:58 72 0:38 
21 00:43 01:11 5 0:28 
22 00:58 01:57 12 0:59 
23 01:02 02:24 132 1:22 
24 01:02 01:28 28 0:24 
25 01:11 01:23 24 0:12 
26 01:11 06:59 4399 5:48 
27 01:23 05:01 1335 3:38 
28 01:45 03:02 143 1:17 
29 02:20 03:06 7 0:46 
30 02:28 03:15 48 0:47 
32 03:19 05:51 483 2:32 
34 03:23 04:01 9 0:38 
35 03:53 04:56 1364 1:03 
36 03:53 05:01 62 1:08 
37 03:53 04:06 29 0:13 
39 06:17 06:34 47 0:17 
Table 3.1.  A list of all the thunderstorms used for the analysis including their ID, 
start time, end time, number of CG strikes and duration. 
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Thunderstorm 
ID 
Positive 
Multiplicity 
(min) 
Negative 
Multiplicity 
(min) 
Positive 
Peak 
Current 
(min)  
Negative 
Peak 
Current 
(min)   
Total 
Multiplicity 
(min)   
Total 
Peak 
Current 
(min) 
 
1 None None 182 None 182 182 
2 None None None None None None 
3 3 None None None None None 
4 3 None 3 None None None 
5 3 None 3 None None None 
6 None None 50 None None None 
7 None None None None None 25 
8 None None None 3 6 3 
9 None None None None None None 
10 19 None 2 None 9 None 
12 None None None None None None 
13 None 136 None 136 136 None 
14 7 None 2 20 4 None 
15 None 4 4 13 15 None 
17 6 36 None None 36 None 
18 None None None None None None 
19 None None None None 3 None 
20 12 19 12 19 19 12 
21 None None None None None None 
22 None None None None None None 
23 None None None 41 None 7 
24 None None None None 13 13 
25 None None None None None None 
26 None None 68 None None None 
27 54 None 54 None None 109 
28 None None None None None None 
29 None None None None None 3 
30 4 None None None None None 
32 6 None None None None None 
34 5 None 5 None None None 
35 None 4 4 36 4 4 
36 7 None 7 None None None 
37 None None None None None 3 
39 None None None None None None 
Table 3.2.  Displays the results of the FFT analysis on lightning characteristics calculated for 
total thunderstorm duration. The period of each cycle is listed in columns 2-7 (in minutes). 
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Test Positive 
Multiplicity 
(min)  
Negative 
Multiplicity 
(min) 
Positive 
Peak 
Current 
(min) 
Negative Peak 
Current (min) 
Total 
Multiplicity 
(min) 
Total Peak 
Current 
(min) 
Mode 3 4 3 None 4 3 
Median 6 19 5 20 13 9.5 
Mean 10.75 39.8 30.46 38.28 38.81 36.1 
St. Dev 14.37 55.37 51.13 45 61.03 60.55 
Table 3.3.   Displays the results of a test of modality, mean and median for the periods 
determined from FFT analysis of total thunderstorm duration. Only thunderstorms with 
detectable cycles are included in these calculations. 
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Thunderstorm ID Average Flashes (min 
-1) 
Average Surface 
CAPE (J/kg) 
Average MUCAPE 
(J/kg) 
1 7.14 1320 2129 
2 2.49 3049 3076 
3 0.73 684 1152 
4 6.85 1917 2278 
5 0.62 3359 4139 
6 3.67 2775 3582 
7 0.37 2556 3182 
8 5.80 2613 3047 
9 0.6 2556 3255 
10 6.21 2210 3797 
12 1 3647 3779 
13 1.59 2260 2701 
14 7.56 2316 3883 
15 6.91 1667 2473 
17 2.57 781 1357 
18 1 3 962 
19 1.37 1916 2428 
20 2 997 2583 
21 0.23 1074 1165 
22 0.27 763 1005 
23 1.67 102 1152 
24 1.12 4241 4271 
25 2 3859 3914 
26 12.94 1681 2273 
27 6.20 1993 2163 
28 2.10 1896 2149 
29 0.25 176 671 
30 0.8 1552 2312 
32 3.19 680 1451 
34 0.25 1299 2135 
35 19.21 314 1483 
36 0.95 889 1113 
37 2.41 404 1101 
39 2.93 135 1360 
Table 3.4.  Displays both SBCAPE and MUCAPE associated with each thunderstorm along 
with its flash rate.  These values are for total thunderstorm lifecycle.  The CAPE values are 
averaged hourly values for the entire duration.  Flash rate was computed based on total 
number of strikes and duration of the thunderstorm. 
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Thunderstorm 
ID and Hour 
Positive 
Multiplicity 
(min) 
Negative 
Multiplicity 
(min) 
Positive 
Peak 
Current 
(min) 
Negative 
Peak 
Current 
(min) 
Total 
Multiplicity 
(min) 
 
Total 
Peak 
Current 
(min) 
1 Hour - 1 None 3 None None 3 None 
1 Hour - 2 None None None 20 None None 
1 Hour -3 6 None 15 15 None 15 
1 Hour 4 None None 3 None 8 3 
1 Hour 5 None 20 None None None None 
1 Hour 6 3 15 None None 15 None 
1 Hour 7 None 8 None 3 3 None 
1 Hour 8 None None 7 None None 7 
1 hour 9 None None None None None None 
2 Hour 1 None None 4 None None None 
2 Hour 2 4 None 3 None None 3 
3 Hour 1 5 None 5 None None 5 
3 Hour 2 None 8 None None 15 None 
3 Hour 3 None None None None None None 
6 Hour 1 3 3 3 None 3 15 
6 Hour 2 3 10 3 None 10 3 
13 Hour 1 12 None 3 None None None 
13 Hour 2 12 20 None 20 12 None 
13 Hour 3 3 None 3 4 None 3 
13 Hour 4 5 None None None None None 
26 Hour 1 None None None None None None 
26 Hour 2 20 None 20 3 3 20 
26 Hour 3 20 5 15 5 5 15 
26 Hour 4 4 20 4 5 4 4 
26 Hour 5 8 None None None None None 
27 Hour 1 4 None 4 None None None 
27 Hour 2 None None 20 None None 20 
27 Hour 3 None None None None None None 
32 Hour 1 None None 6 4 None 12 
32 Hour 2 3 None 8 None None 8 
Table 3.5 Displays the results of the FFT analysis of lightning characteristics calculated for 
each of those thunderstorms with lifetimes of 2 or more hours.  The period of each cycle (in 
minutes) is listed. 
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Thunderstorm 
ID and Hour 
Flash Rate (min -
1) 
Average Surface 
CAPE (J/kg) 
Average MUCAPE 
(J/kg) 
1 – Hour 1 7 3372 3408 
1 – Hour 2 4.56 3408 3898 
1 – Hour 3 6.01 2543 3124 
1 – Hour 4 9.31 841 1508 
1 – Hour 5 14.76 151 850 
1 – Hour 6 10.1 288 672 
1 – Hour 7 8.01 435 1365 
1 – Hour 8 2.48 252 1590 
1 – Hour 9 2.41 100 1899 
2 – Hour 1 2.31 3079 3109 
2 – Hour 3 2.73 2975 3010 
3 – Hour 1 0.63 1369 1728 
3 – Hour 2 0.7 731 1110 
3 – Hour 3 1.87 0 534 
6 – Hour 1 3.1 4336 4650 
6 – Hour 2 3.76 3232 3587 
13 – Hour 1 2.58 3204 3631 
13 – Hour 2 1.43 2506 3383 
13 – Hour 3 1.28 2657 2943 
13 – Hour 4 1.51 549 989 
26 – Hour 1 7.9 3232 3421 
26 – Hour 2 1.65 2801 3096 
26 – Hour 3 1.25 1508 1703 
26 – Hour 4 10.61 359 639 
26 – Hour 5 37.86 216 1257 
27 – Hour 1 2.8 3093 2875 
27 – Hour 2 6.85 2214 2541 
27 – Hour 3 9.81 692 1102 
32 – Hour 1 3.43 671 1469 
32 – Hour 2 2.61 69 659 
Table 3.6.  Displays the hourly MUCAPE and SBCAPE values for thunderstorms that last 
over two hours.  Hourly flash rates are also included. 
 
 
 
 
 
 
 
 
 
 
 
	   57	  
 
 
 
Test Positive 
Multiplicity 
(min) 
Negative 
Multiplicity 
(min) 
Positive 
Peak 
Current 
(min) 
Negative Peak 
Current (min) 
Total 
Multiplicity 
(min) 
Total Peak 
Current (min) 
Mode 3 20 3 20 3 3 
Median 4.5 9 4 5 5 7.5 
Mean 7.18 11.2 7.41 8.77 7.36 9.5 
St. Dev 5.79 7 6.08 7.34 4.88 6.47 
Table 3.7. Displays the results of a test of modality, mean and median on hour-by-hour 
increments of lightning strike characteristics. Only thunderstorms with detectable cycles are 
included in these calculations. 
 
 
 
Parameter Positive 
Multiplicity 
 
Negative 
Multiplicity 
 
Positive 
Peak 
Current 
 
Negative 
Peak 
Current 
 
Multiplicity 
 
Peak 
Current 
 
Surface 
CAPE 0.172 0.72 -0.06 0.06 -0.12 0.084 
MUCAPE 0.05 0.41 -0.17 -0.17 -0.27 0.021 
Table 3.8. Displays the correlation between CAPE, both SBCAPE and MUCAPE, and 
specific lightning characteristics based on total thunderstorm duration characteristics. 
 
 
 
Parameter Positive 
Multiplicity 
Negative 
Multiplicity 
Positive 
Peak 
Current 
Negative 
Peak 
Current 
Multiplicity Peak 
Current 
Surface 
CAPE 0.09 -0.54 -0.07 0.59 -0.34 0.25 
MUCAPE 0.12 -0.46 -0.06 0.69 -0.31 0.27 
Table 3.9.  Displays the correlation between CAPE, both MUCAPE and SBCAPE, and 
lightning characteristics based hour-by-hour analysis of lightning data. 
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Figure 3.1 (a-d). Panel a displays the relationship between multiplicity of positive lightning strikes for total storm duration and CAPE.  Panel b displays the 
relationship between multiplicity of negative strikes for total thunderstorm duration and CAPE.  Panel c displays the relationship between hour increments of 
multiplicity of positive strikes and CAPE.  Panel d displays the relationship between hour increments of multiplicity of negative lightning strikes and CAPE. The 
blue diamonds represent SBCAPE and red squares represent MUCAPE.
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Figure 3.2 (a-d). Panel a displays the relationship between peak current of positive lightning strikes for the entire storm’s duration and CAPE. 
Panel b displays the relationship between peak current of negative strikes for the storms entire duration and CAPE. Panel c displays the 
relationship between hour increments of peak current of positive strikes and CAPE . Panel d displays the relationship between hour increments of 
peak current of negative strikes and CAPE.
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Figure 3.3 (a-d) Panel a displays the relationship between all the lightning strikes multiplicity and CAPE. Panel b displays the relationship between 
all of the lightning strikes peak current and CAPE. Panel c displays the hourly increments of total lightning multiplicity and CAPE.  Panel d 
displays the relationship between hourly increments of all the lightning strikes peak current and CAPE. 
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Figure 3.4.  Displays the relationship between flash rate and CAPE.  Red squares 
represent MUCAPE and blue diamonds SBCAPE.  
 
 
 
Figure 3.5. Displays the relationship between hour increments of flash rate and CAPE. 
Red squares represent MUCAPE and blue diamonds SBCAPE. 
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Thunderstorm ID 
Cycle in 
Flash Rate 
(min) 
1 None 
2 None 
3 28 
4 None 
5 None 
6 50 
7 None 
8 None 
9 None 
10 19 
12 136 
13 None 
14 None 
15 None 
17 36 
18 3 
19 3 
20 19 
21 9 
22 None 
23 None 
24 13 
25 None 
26 None 
27 None 
28 38 
29 None 
30 None 
32 76 
34 None 
35 None 
36 None 
37 None 
39 None 
Table 3.10.  Displays the period of lightning flash rate in minutes.  
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Thunderstorm ID 
and Hour 
Cycle in Flash Rate 
(min) 
1 Hour 1 None 
1 Hour 2 None 
1 Hour 3 None 
1 Hour 4 None 
1 Hour 5 None 
1 Hour 6 None 
1 Hour 7 None 
1 Hour 8 None 
1 Hour 9 None 
2 Hour 1 None 
2 Hour 2 None 
3 Hour 1 None 
3 Hour 2 None 
3 Hour 3 7 
6 Hour 1 None 
6 Hour 2 None 
6 Hour 3 None 
13 Hour 1 None 
13 Hour 2 3 
13 Hour 3 None 
13 Hour 4 None 
26 Hour 1 20 
26 Hour 2 None 
26 Hour 3 None 
26 Hour 4 None 
27 Hour 1 None 
27 Hour 2 None 
27 Hour 3 5 
32 Hour 1 None 
32 Hour 2 None 
Table 3.11. Displays the periods of flash rate in hour increments of thunderstorms that 
last two hours or more. 
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Cycles in Flash Rate 
(min)  
Mean 35.83 
Mode 19 
Median 23.5 
Standard 
Deviation 37.99 
Table 3.12. Displays the mean, mode, median and standard deviation for the duration of 
cycles in flash rate. Only thunderstorms with detectable cycles are included in these 
calculations. 
 
 
 
 
 
Cycle in Flash Rate in Hour 
Increments 
Mean 8.75 
Mode None 
Median 6 
Standard 
Deviation 7.67 
Table 3.13. Displays the mean, mode, median and standard deviation of the duration of 
cycles in flash rate in hour increments. Only thunderstorms with detectable cycles are 
included in these calculations. 
 
 
 
 
 SBCAPE MUCAPE 
Total Storm 
Flash Rate 0.34 0.27 
Hour by Hour 
Flash Rate 0.42 0.43 
Table 3.14. Displays the correlation between CAPE and cycle duration of flash rate for 
the entire storm and hour-to-hour increments. 
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Table 3.15.  Displays the correlation between lightning strike characteristics and CAPE 
for thunderstorm 1, 13 and 26 only. While these numbers look large, the numbers of 
points used in these analyses are small.  It is possible that these numbers are not 
statistically significant because of the lack of data points. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pos. 
Mult. 
Neg. 
Mult. 
Pos. 
Pk.  
Cur. 
Neg. 
Pk. 
Cur. 
Tot. 
Mult. 
Tot. 
Pk. 
Cur. 
Flash 
Rate 
Thunderstorm 
1        
SBCAPE 1 -0.80 0.83 0.99 -0.54 0.83 -0.43 
MUCAPE 1 -0.85 0.96 0.99 -0.69 0.96 -0.58 
Number of 
Points out of 9 2 4 3 3 4 3 3902 
Thunderstorm 
13        
SBCAPE 
 0.48 N/A N/A -1 N/A N/A 0.44 
MUCAPE 0.61 N/A N/A 1 N/A N/A 0.40 
Number of 
Points out of 4 4 0 0 2 0 0 415 
Thunderstorm 
26        
SBCAPE 0.86 -1 0.97 -0.88 -0.52 0.96 -0.63 
MUCAPE 0.83 -1 0.95 -0.90 -0.56 0.96 -0.43 
Number of 
Points out of 5 4 2 3 4 3 3 4399 
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Thunderstorm ID Number of Cycles Period (min) 
1 3 36.4 
2 2 6.8 
3 2 16.4 
6 2 15.2 
8 2 7.6 
13 2 27.2 
15 2 7.8 
17 2 7.2 
23 3 5.4 
26 2 34.8 
27 6 7.2 
28 2 7.8 
32 2 14.2 
35 None      None  
36 None      None 
 
Table 3.16. Displays the results of cycle period of reflectivity of the storms.  The number 
of cycles identified and period in minutes is displayed.  This analysis was done on storms 
that lasted greater than one hour. 
 
 
 Period (min) 
Mean 14.92 
Mode None 
Median 7.8 
Standard 
Deviation 10.96 
 Table 3.17. Only thunderstorms with detectable cycles are included in these calculations. 
 
 
 
 Positive 
Multiplicity 
Negative 
Multiplicity 
Positive 
Peak 
Current  
Negative 
Peak 
Current 
Total 
Multiplicity 
Total 
Peak 
Current 
Cycles in 
Reflectivity -0.14 0.56 0.61 0.48 0.59 0.29 
 
Table 3.18.  Displays the correlation between CG lightning strike characteristics and the 
period of reflectivity for storms greater than one hour in duration. 
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Chapter 4  
 
Discussion 
 
 Not every thunderstorm that was analyzed had a cycle in each lightning 
characteristic, and those that had a cycle were not correlated (most of the 
correlation values around -.10 to 0.40) with values of SBCAPE and MUCAPE.  
Cycles existed for every possible parameter in both the hour-by-hour analysis and 
total thunderstorm duration. When storms were broken up into hour-by-hour 
increments the correlation between lightning characteristics generally improves, 
however these correlation values are virtually 0 as well, with a few exceptions 
(Table 3.9).  When specific storms were analyzed separately, the correlation 
values for 2 of the 3 storms demonstrated high values of correlation with CAPE 
and MUCAPE (Table 3.15).   Based on the results of this research, the cycle 
identified by Doztek et al. (2005) is not periodic and a larger sample size of 
thunderstorms demonstrates that these cycles are not systematic to all 
thunderstorms.      
 For thunderstorms that last longer than one hour, cycles in reflectivity 
demonstrated the strongest correlation with lightning characteristics in this study 
(see table 3.18).  Moreover, every category, except for positive lightning strike 
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multiplicity, demonstrated a positive correlation, where total multiplicity is the 
most correlated at 0.65.  The correlation value between these characteristics 
suggests that cycles in reflectivity are related to cycles in lightning characteristics.  
Since, reflectivity can be related to updraft strength, the correlation values from 
this study demonstrate that there may be a relationship between updraft strength 
and certain lightning characteristics (Table 3.18). 
 This relationship between updraft strength and lightning characteristics is 
intuitive.  An updraft that is ingesting charged particles continuously, at varying 
speeds due to updraft pulsing, would replenish charge regions with new particles 
at a rate that is related to the updraft speed and recycling time.   This would allow 
for more ‘available’ charge for larger peak currents and more return strokes 
(higher multiplicity).   While this study demonstrates correlation between the two 
categories, more research is needed before causation is established. 
 The average repeat time for thunderstorms reflectivity cycle is 13.29 
minutes, which is not far from the convective time scale of 16.67 minutes 
(calculated using the 00z sounding from MPX).   The standard deviation was 
about 14.37 minutes.  It is possible that the standard deviation would have been 
lower if the longer-lived storms had been separated by storm mode (supercell vs. 
multicell thunderstorms). It seems logical that reflectivity periodicity would be 
related to updraft periodicity and as such, any collection of storms with different 
storm modes would lead to a spread in reflectivity periodicities. An example of 
this is thunderstorm one that transitioned from a supercell to a mulitcell during its 
lifetime. In multicell thunderstorms, individual convective updrafts within the 
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thunderstorm may peak in reflectivity at different times relative to each other. For 
example, say there are three convective elements within a thunderstorm (cells 
A,B,C).  Cell A is the first to reach maturity, then cell B five minutes later, then 
cell C in five minutes.  In this study, since all convective cells are aggregated into 
a single storm it is possible that the peaks in reflectivity identified would make it 
seem that the reflectivity periodicity is slower than the 15 minute periodicity 
portrayed above with cell A. In contrast, a supercell thunderstorm would have a 
reflectivity period more representative of a single updraft, much like the repeat 
time in cell A.   
 The standard deviations for the period of each lightning characteristic 
were also large. There are two possible explanations for this.  The first is that 
lightning characteristic periodicity is tied to updraft pulsing and the range of 
updraft periodicity within a collection of storms (refer to the discussion above) 
produces the spread in the lightning characteristics. The other is that lightning 
characteristics are regulated by a complex interaction between storm processes 
that do not manifest itself in a coherent periodic signal.  
 It is interesting to note that most of the longer periods occur with 
thunderstorms that have the longest lifetimes.  There are two possible 
explanations related to this finding. First, if it can be assumed that lightning 
characteristic cycles are tied to updraft periodicity, then perhaps storms that are 
not supported by a coherent forcing for updraft regeneration and therefore lack 
updraft strength will not have cycles show up.  Storms that do not have a coherent 
forcing for updraft regeneration do not last very long, so storms that are longer 
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lasting have more obvious cycles. The other possibility is that lightning 
characteristic cycles are not tied to updraft pulsing but are regulated by some 
other process that is only relevant for long-lived storms. 
 Since thunderstorm updrafts act differently depending on storm mode, it is 
logical that the environment conducive to different storm modes should be 
examined.  For example, updraft rotation allows a supercell’s updraft to last a 
long time.  Environmental shear, from the surface to the mid-troposphere is a 
good discriminator in determining whether or not a storm will have a rotating 
updraft (Thompson et al. 2003). In contrast to supercells, multicell storms’ 
individual updrafts do not last very long and usually are forced and controlled by 
the interaction of the gust front and the environmental wind shear. Usually 
multicell convection that last any duration, (longer than the convective time scale) 
has a well-established cold pool and gust front that aid in convection 
redevelopment. In a multicell storm, there are also numerous updrafts going on at 
the same time. Parameters such as 0-1km storm relative helicity, 0-6 km shear, 
cold pool strength, etc. should be examined in further studies. 
 The increase in correlations between values of CAPE and the periodicity 
in peak current of negative strikes, total multiplicity and total peak current, when 
calculated for hour-by-hour increments instead of for total thunderstorm duration, 
suggests that the averaging of CAPE values for total thunderstorm duration may 
smooth out a relationship with lightning.  This is why it was important to break 
apart total thunderstorm duration lightning characteristics into smaller elements, 
such as an hour-by-hour analysis.        
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 While multiplicity of positive lightning strikes demonstrates a low 
negative correlation between periodicities of reflectivity, this could be an artifact 
of the methodology. Most positive lightning strikes occur in the anvil of the 
thunderstorm (e.g., Rutledge and MacGorman 1988; Rutledge et al. 1990; Lang et 
al. 2004). However, the method used here excludes many anvil strikes. Instead, 
this study focused on reflectivity clusters with high values of reflectivity, since 
most of the lightning that occurs in thunderstorms is co-located with the highest 
reflectivity (e.g., Rutledge and MacGorman 1988; Rutledge et al. 1990; Lang et 
al. 2004b).  The highest reflectivity in a thunderstorm is found in the convective 
region, not the anvil.  However, even if this requirement was somehow relaxed, it 
is nearly impossible to determine where one thunderstorm anvil ends and another 
begins. 
 When thunderstorms that last longer than four hours were analyzed hour-
by-hour and then correlated with CAPE, the sign of correlation values was found 
to reverse itself for some of the same lightning categories (Table 3.15).  Because 
the hourly RUC analyses were the source of the CAPE data, very few points were 
used to calculate the correlation values. The combination of inconsistent 
correlation values and small sample size indicates the need for a larger sample of 
CAPE values at less than a 1-hour interval. 
 Flash rate demonstrated little to no correlation with CAPE values. 
However, the correlation that does exist for hour-by-hour increments of flash rate 
and CAPE suggests a negative relationship.  As CAPE increases, flash rate 
decreases.  This is counterintuitive; ostensibly higher CAPE values should lead to 
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faster updrafts and higher flash rates.  Since the values of correlation are low, less 
than (- 0.45 to 0.10), it is possible that flash rate is not related to CAPE.  Since 
Carey and Rutledge (2000) found that flash rate is highly correlated with the 
amount of radar inferred ice in the mixed phase region of a storm, it is possible 
that other factors that influence a thunderstorms updraft, such as wind shear, 
could be correlated higher with flash rate. 
 Another possible explanation for the large standard deviations in lightning 
characteristics could be that cycles in peak current and flash multiplicity are not 
periodic and in fact random and just reoccurring.  Since a FFT finds any possible 
cycle within the data tested, it is possible that the results found here are in fact 
random and not part of a coherent periodicity that is caused by the thunderstorm 
itself.  This seems like a plausible explanation because not every thunderstorm 
has a cycle and those that do, don’t appear to moderated by CAPE. However, the 
research above found that reflectivity cycles could be correlated to lightning 
characteristics so it is possible that the cycles identified could be tied to 
thunderstorm process and not be random. There are many things within a 
thunderstorm that are inherently periodic (hail formation processes, cyclic 
supercells, cyclic mesocyclonegensis, etc.).  Since this is the case, there is a 
higher level of certainty that the cycles in lightning data are not random, but 
associated to something related to a thunderstorm. In order to completely rule out 
random cycles that are just reoccurring, a much larger sample size needs to be 
studied. 
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 Overall, the cycle identified by Doztek et al. (2005) was not systematic to 
all thunderstorms, however interesting results did materialize.  One of the 
interesting results was that longer-lived storms have periods in lightning 
characteristics that generally last longer than those in short-lived storms.  CAPE is 
also not correlated with lightning characteristics, but this correlation does improve 
when thunderstorms are broken into smaller increments. Another was that cycles 
in reflectivity are correlated with cycles in lightning characteristics.  This 
correlation suggests that updraft strength could control lightning characteristics.  
Finally, storm mode could also have an effect on thunderstorm lightning 
characteristics and should be examined further. 
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Chapter 5 
 
Conclusions 
 
 The cause of peak current and flash multiplicity are still not known and 
the cycle identified by Doztek et al. (2005) in multiplicity of positive strikes, does 
not appear to be periodic to other thunderstorms, however other interesting results 
were discovered by this research that may aid in discovering what causes peak 
current and flash multiplicity.  A correlation between CAPE and lightning 
characteristics does not exist, however a correlation between radar reflectivity and 
lightning characteristics does.  When breaking thunderstorms up into smaller time 
increments, CAPE becomes more correlated with lightning characteristics.  
Another result is that storm longevity may have an affect on lightning 
characteristic periods.  These topics and other conclusions along with further 
research are discussed here. 
First, this work has provided some evidence that updraft periodicity may 
control lightning characteristic cycles. Even though care was taken to filter out 
statistically insignificant results, these results are characterized by a large degree 
of uncertainty.  Cycles in radar reflectivity, which are most related to updraft 
periodicity demonstrate the strongest relationship to lightning characteristic 
periods.  This relationship supports a conceptual model, in which updrafts control 
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the charging of thunderstorms and possibly thunderstorm multiplicity and peak 
current.  Conceptually, the idea of CAPE controlling maximum updraft speed, 
which in turn brings more charged particles into the storm, makes sense.  
However more research is needed because the results of this study weakly support 
this idea. 
 It is was found that by breaking up thunderstorms that last longer than two 
hours into hour-by-hour increments, increases the correlation between lightning 
characteristic period and CAPE for total multiplicity, total peak current and peak 
current of negative strikes.   This suggests that the smoothing of CAPE for total 
thunderstorm duration may smooth out a relationship between CAPE and 
lightning characteristics for total thunderstorm duration. Also, more cycles were 
identified when the storms were broken into hour-by-hour increments.   By 
considering only those storms that lasted for four hours or more, and analyzing 
their hour-to-hour periodicities with CAPE it became clear that lightning 
characteristic repeat times were strongly correlated with CAPE in two of the three 
storms analyzed.  However, more storms and more frequent observations of 
CAPE are required to determine if a relationship between CAPE and lightning 
characteristic period exists. 
 Another conclusion is that storm longevity may have an effect on the 
period of lightning characteristics.  It was found that the longer storms had longer 
periods that lasted a longer time than most of the periods identified in this study. 
This could be due to two different things.   First, if it can be assumed that 
lightning characteristics cycles are tied to updraft periodicity, then perhaps storms 
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that are not supported by a coherent forcing for updraft regeneration and therefore 
lack of updraft strength, will not have cycles show up.  Storms that do not have a 
coherent forcing for updraft regeneration do not last very, so storms that are 
longer lasting have more obvious cycles. The other possibility is that lightning 
cycles are not tied to updraft pulsing but are regulated by some other process that 
is only relevant for long-lived storms. 
 Most of the positive cloud-to-ground strikes lightning characteristics, 
especially multiplicity, consistently demonstrated no correlation to values of 
CAPE.  However, both characteristics demonstrated correlation with CAPE for 
storms that lasted longer than four hours.  This result was postulated to be the 
result of the method used in this study.  Since most of the positive strikes occur 
within the anvil, and the method used in this study looked primarily at the 
reflectivity core, a lot of positive strikes were missed.  Future work could include 
the anvil strikes into the analysis. This may be difficult, because it is not clear 
where one anvil ends and another begins, so it is possible that anvil strikes could 
be associated to different storms than the ones that cause them. One solution to 
this would be to analyze individual, isolated thunderstorms one at a time, and then 
include those results in a larger study.   
 These results start to point at peak current and flash multiplicity being 
controlled by the thunderstorm’s updraft.  This possible relationship suggests that 
multiplicity may be tied to air being ingested into the storm, regulated by the 
updraft.  If this were the case, this undoubtedly would aid in our understanding of 
peak current and multiplicity. 
	   77	  
 Overall, a few of the parameters here should be tested further.  First, a 
larger sample size is definitely needed before any true characterizations of the 
population are made.  This study was too small to make generalizations.  It seems 
that ThOR would be a perfect tool to do this with.  ThOR will allow a researcher 
to study an even larger sample of thunderstorms and their lightning 
characteristics. Also, it may be important to break events up into those with 
similar environments, such as those conducive to supercell development vs. 
multicell development.  Next, parameters such as storm relative helicity and 0-6 
km shear should be tested to see if they correlate better with lightning 
characteristics by aiding in the longevity of thunderstorms.  This would help to 
prove whether or not storm mode affects lightning strike characteristic cycles.  
Finally, the positive lightning strikes that occur within the anvil should be 
included in any further analysis.  This may prove difficult since it is hard to relate 
certain cloud-to-ground strikes in the anvil region to specific thunderstorms.  
 One last suggestion for further research includes the use of dual Doppler 
radar; much like the Pawnee and CHILL radars in the Colorado Front Range  that 
would help to create a profile of vertical motion within a thunderstorm.  Cycles in 
lightning characteristics could then be correlated to actual vertical motion as 
opposed to a proxy such as CAPE and shear.  This would help to determine what 
might cause multiplicity and peak current, since this study concludes that 
thunderstorm updraft strength and speed are correlated to lightning characteristics. 
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Appendix A. 
 
 
 
In order to determine if a Fourier component returned by the FFT is statistically 
significant, defined as being greater than white noise,  
 
 
€ 
k
2C ≥ 0S ( kf )v v
2X (1−α)                                                                                 (1) 
 
has to be satisfied, where, 
€ 
k
2C   is the Fourier component, 
€ 
0S ( kf )  is a theoretical 
spectral density function for an AR (1) process, ν is degrees of freedom and  
 
€ 
v
2X (1−α)is the appropriate chi-squared distribution for ν degrees of freedom.  
This value is found in a look up table in Wilks (2006).  
Based on Wilks (2006) a theoretical spectral density function for an AR (1)  
process is given by, 
 
 
 
€ 
S( f ) = e
24σ /n
1+ 2φ − 2φ cos(2πf )
                                                                           (2) 
 
 
where φ is 0 is the white noise parameter and is set to 0 for white noise,  
€ 
e
2
σ = (1−
2
φ ) x
2
σ , where 
€ 
x
2
σ  is the variance of the time series tested, n is the 
number of elements in the time series, and ƒ is the frequency.  Since φ is 0 the 
denominator of (2) is 0.  Each time series has a unique spectral density function 
based on the series variance and length that must be greater than 
€ 
k
2C  for the 
Fourier harmonic to be statistically significant.  
 
 
 
